A reliable model of a disease pathomechanism is the first step to develop targeted treatment. In facioscapulohumeral muscular dystrophy (FSHD), the third most common muscular dystrophy, recent advances in understanding the complex genetics and epigenetics have led to the identification of a disease mechanism, moving the field towards targeted therapy development. FSHD is caused by expression of DUX4, a retrogene located on the D4Z4 macrosatellite repeat array on chromosome 4q35, a gene expressed in the germline but typically repressed in somatic tissue. DUX4 derepression results from opening of the chromatin structure either by contraction of the number of repeats (FSHD1) or by chromatin hypomethylation of the D4Z4 repeats resulting from mutations in SMCHD1, a gene involved in chromatin methylation (FSHD2). The resulting expression of DUX4, a transcriptional regulator, and its target genes is toxic to skeletal muscle. Efforts for targeted treatment currently focus on disrupting DUX4 expression or blocking 1 or more of several downstream effects of DUX4. This review article focuses on the underlying FSHD genetics, current understanding of the pathomechanism, and potential treatment strategies in FSHD. In addition, recent advances in the development of new clinical outcome measures as well as biomarkers, critical for the success of future clinical trials, are reviewed.
Introduction
Facioscapulohumeral muscular dystrophy (FSHD) is the third most common muscular dystrophy after Duchenne muscular dystrophy and myotonic dystrophy with an estimated prevalence of 1:15,000 [1] . However, due to the high degree of clinical variability with up to 20% of genetically affected but asymptomatic individuals [2] , the disease frequency is likely underestimated. A recent study in the Netherlands estimated the prevalence rate almost twice as high (1:8300) [3] . In the majority of cases, the disease is inherited in an autosomal dominant pattern with about 10% of de novo mutations with a high frequency of somatic mosaicism [4] . In contrast to Duchenne muscular dystrophy and myotonic dystrophy, bulbar, respiratory, and cardiac involvement is relatively rare in FSHD and most patients have a normal life expectancy. However, physical limitations are significant, resulting in disability or job modifications and a 6-year risk of wheelchair use of 24% [5] . There is currently no disease-modifying treatment available for FSHD, but recent advances in discovering the complex molecular pathophysiology of FSHD have led to a better understanding of the phenotypic variability and allow for development of targeted treatments.
Molecular Genetics
While the genetic mutation causing FSHD was mapped to chromosome 4q35 in 1990 [6, 7] and shortly thereafter a pathogenic loss of D4Z4 macrosatellite repeats was identified [8] , the exact molecular pathophysiology of the disease remained uncertain for many years. Recent discoveries of a second pathogenic mechanism and epigenetic factors have moved the field forward towards drug development.
Each D4Z4 unit on chromosome 4q35 contains a copy of DUX4 (double homeobox 4) retrogene, which is a transcription factor expressed in the germline [9] . Healthy individuals carry 11 to 100 D4Z4 repeats (each 3.3 kb size), located within heterochromatin and do not undergo transcription in somatic tissues (Fig. 1) . Patients with FSHD carry a reduced number of 1 to 10 repeats, referred to as a Bcontraction.^The presence of at least 1 repeat, containing a copy of the DUX4 gene, is required to cause disease. This contraction of D4Z4 repeats results in hypomethylation and a decrease in the repressive heterochromatin of the D4Z4 repeats, often referred to as Bchromatin relaxation^or Bopening of the chromatin structure.^This chromatin relaxation allows DUX4 to be transcribed. However, the transcribed DUX4 full-length mRNA is not stable due to the lack of a polyadenylation signal in the DUX4 sequence. Therefore, repeat contraction and chromatin relaxation are necessary, but not sufficient to cause FSHD. Distal to the last D4Z4 repeat, the chromosome comes in 2 major haplotypes: A or B [10] . The most prevalent 4qA haplotype, but not 4qB, contains a polymorphic polyadenylation signal (PAS), which stabilizes the transcribed DUX4 mRNA and allows for DUX4 protein expression in skeletal muscle [11] . Hence, chromatin relaxation must occur on the specific Bpermissive^A haplotype to be pathogenic, while contraction on a B variant does not cause the disease [12] . Of all patients with clinical symptoms and signs of FSHD, 95% have a repeat contraction on a chromosome with an A haplotype, termed FSHD type 1 (FSHD1).
FSHD2
The remaining 5% of patients with clinical signs and symptoms of FSHD, phenotypically indistinguishable from FSHD1, typically have a low normal number of repeats on chromosome 4q35, but in addition show a, contraction independent, profound DNA hypomethylation [13] on both copies of D4Z4 [14] , with at least 1 4qA variant, and are termed FSHD type 2 (FSHD2). While the D4Z4 repeat number in FSHD2 is normal, most FSHD2 patients have less repeats than the average repeat number in the control population [15] , typically ranging from 11 to 20 repeats. Similar to FSHD1, hypomethylation and chromatin relaxation is necessary but not sufficient to result in disease, unless a permissive A allele with a PAS is present, to stabilize the DUX4 mRNA in skeletal muscle. While DNA hypomethylation and chromatin relaxation in FSHD1 is only seen on the contracted allele, both alleles of chromosome 4q35 and similar D4Z4 repeats on chromosome 10 are hypomethylated in FSHD2. This widespread hypomethylation suggests a problem with a gene regulating Fig. 1 This figure displays the spectrum of the genetic mechanisms in FSHD. Normal: in healthy individuals, both copies of 4q35 contain 11 to 100 repeats with normal methylation or, rarely, a contraction with hypomethylation on a nonpermissive B allele. In this figure, we display only 1 copy of 4q35 with a permissive A allele, which is necessary to cause FSHD. In FSHD1, 1 copy of the 4q35 is contracted with hypomethylation of the D4Z4 repeat array. In patients with 1 to 6 repeats, the repeat number is associated with disease severity. In patients with 7 to 10 repeats, nonpenetrance is more common and epigenetic factors (such as mutations in SMCHD1) play a larger role. In FSHD2, 1 copy of the 4q35 contains 11 to 20 repeats. A mutation in SMCHD1 or DNMT3B gene is present and D4Z4 repeat arrays are hypomethylated on both 4q35 copies chromatin methylation. In individuals with FSHD2, 85% have a mutation in the SMCHD1 (structural maintenance of chromosomes flexible hinge domain containing 1) gene on chromosome 18 [15, 16] . SMCHD1 functions as an epigenetic repressor (i.e., it turns genes Boff^) and is involved in X chromosome inactivation. SMCHD1 binds to D4Z4 and, if reduced in skeletal muscle, results in DUX4 expression [16] . However, not all FSHD2 patients carry SMCHD1 mutations. In 2 SMCHD1-negative families with FSHD2, a heterozygous mutation in DNA methyltransferase 3B (DNMT3B) gene was identified as another cause of D4Z4 derepression [17] . FSHD2 is consequently a digenic disease requiring the occurrence of 2 genetic variants on separate chromosomes: an SMCHD1 or DNMT3B mutation along with at least 1 4qA variant on chromosome 4q35.
The Concept of Epigenetic Susceptibility
Among patients with FSHD, there is marked clinical variability between and within families with incomplete penetrance. Some of this variability can be accounted for by subtle epigenetic differences. In FSHD1, there is an inverse correlation between residual repeat size and disease severity, with carriers of 1 to 6 D4Z4 unit repeats being more severely affected [18] . This is likely due to changes in the chromatin structure associated with larger contractions. Carriers with a range of 7 to 10 unit repeats show the highest clinical variability and nonpenetrance is more common [15, 19] . Family studies show that affected compared to nonaffected carriers tend to have a greater degree of D4Z4 hypomethylation than might be expected based on the sizes of the D4Z4 arrays, suggesting a greater epigenetic susceptibility and less impact of repeat size on penetrance and disease severity in individuals with 7 to 10 repeats [15] . SMCHD1 mutations do not only seem to play a critical role in FSHD2, but also have been identified as a disease modifier in FSHD1: Patients with both an FSHD1 allele and an SMCHD1 mutation were more severely affected than affected family members with only 1 of the 2 genetic mutations [20, 21] . The modifier role of SMCHD1 on disease severity has also been studied in a mouse model by crossbreeding D4Z4-2.5 mice with mice haploinsufficient for SMCHD1 which resulted in an exacerbated phenotype [22] . It will be important to learn more about how SMCHD1 variants affect the D4Z4 structure and how this influences FSHD disease variability and penetrance. In addition, mutations in another gene, the FAT1 gene on chromosome 4q is postulated to function as an epigenetic modifier of the D4Z4 repeats [23, 24] .
In FSHD2, both the D4Z4 repeat array size and the nature of the SMCHD1 mutation have shown to have an impact on D4Z4 hypomethylation and disease severity [15] . The repeat size contributes to variability within a family, while the type of mutation is responsible for variability between families. A permissive allele carrying a smaller sized D4Z4 repeat along with a SMCHD1 mutation that preserves the open reading frame generally results in greater disease severity compared to longer repeats or SMCHD1 mutations disrupting the open reading frame [15] . Some patients with FSHD2 carry 2 A alleles instead of 1 A and 1 B allele. Having 2 hypomethylated A alleles compared to 1 did not seem to influence the phenotype [14] .
The discovery of the digenic form of FSHD did not only extend the list of pathogenic mutations, but also provided a new avenue of research, to quantify and characterize methylation status and examine its relationship to phenotypic variability in FSHD.
Molecular Pathomechanism: DUX4 Toxicity
Both genetic mechanisms of FSHD1 and FSHD2 converge at the level of chromatin relaxation, transcription of DUX4 mRNA, and inappropriate expression of DUX4 protein in myonuclei, in the setting of a permissive 4qA allele [12, 25] . In myotube cultures, DUX4 is expressed only within a few myonuclei, but within those in substantial amounts, and similar findings are seen in the iDUX4pA mouse model [25, 26] . There is consensus that DUX4 expression is toxic to skeletal muscle and causes FSHD. DUX4 is normally expressed early in development, in the germline and pluripotent stem cells [25] . DUX4 is also reported to be expressed in the thymus [9] , and keratinocytes [27] , but is epigenetically suppressed in most somatic tissues including muscle [25] . The role of DUX4 in the human germline is not well established, but seems to play a role in promotion of embryonal transcription [28] . Understanding the toxic effects of DUX4 protein on skeletal muscle and FSHD pathophysiology is still subject of ongoing research efforts, but several mechanisms have been proposed, including activating expression of stem cell genes, suppression of the innate immune response [29] and nonsense-mediated RNA decay (NMD) pathways [30] , altering RNA processing with accumulation of aberrant and double-stranded RNAs [31] , inhibition of myogenesis and muscle regeneration, and induction of cell death [32, 33] . In search of potential treatment targets, several factors responsible for DUX4 repression have been postulated, such as involvement of MYC-mediated apoptotic pathways [31] , the nucleosome remodeling deacetylase (NuRD), and chromatin assembly factor 1 (CAF-1) complexes [34] .
Expression of DUX4 has been reported in thymus and keratinocytes [27] , suggesting that DUX4 may have a function outside the germline [22] . Hence, future research will need to clarify whether therapeutic repression of DUX4 might have detrimental side effects and whether treatments will need to be tissue selective. In addition, DUX4 has been seen in muscle tissue of genetically diagnosed asymptomatic FSHD subjects and at low levels in genetically unaffected subjects, leading back to the question of whether DUX4 is tolerated in muscle in certain situations at low levels and how epigenetic modifiers play a role in DUX4 repression, disease onset, and progression [35] .
The Role of the Stage of Cell Development and DUX4 Expression
While there is consensus about the mechanisms associated with incomplete epigenetic repression of DUX4, other epigenetic factors and the selective tissue involvement are not yet well understood. It has been shown that DUX4 mRNA is only present in a small subset of nuclei, which produce a relatively large amount of DUX4 mRNA and protein. In addition, somatic expression of DUX4 mRNA per se is not pathogenic as it can be detected at lower levels in cultures of healthy myogenic cells. Furthermore, it has been shown that SMCHD1 protein levels decrease during muscle cell differentiation, correlating with DUX4 expression. Hence, differentiated muscle cells might be particularly prone to incomplete D4Z4 repression [36] .
These findings suggest that DUX4 might be expressed in different cells at different times, due to the state of the cell, indicating that levels and/or timing of somatic DUX4 expression influences disease [15, 35, 37, 38] .
Differences Between FSHD 1 and 2
FSHD1 and 2 have the same downstream disease mechanism, DUX4 derepression, yet there are some unique epigenetic responses with respect to the underlying genetic mechanism upstream. In FSHD2 but not in FSHD1, PRC2-mediated H3K27 trimethylation of D4Z4 seems to play a role in the disease [36] . This might have implications for drug development, depending on which target is chosen.
Animal Models
The identification of DUX4 derepression as the unifying disease mechanism in both FSHD1 and 2 led to the development of DUX4 expressing animal and cell models, to further study the pathology and test therapeutic interventions. The human DUX4 gene is not found in mice and therefore transgenic models are necessary. A mouse model which integrates a pathogenic FSHD1 D4Z4 repeat size of 2.5 repeats including the distal polyadenylation site shows low levels of DUX4 mRNA and protein in skeletal muscle but lacks a muscle phenotype. One possible hypothesis for the failure of modeling the FSHD muscle phenotype was the complex spatial and temporal expression patterns of the transgene [22] . Nevertheless, since this model carries the D4Z4 repeats, it can still be used to study the epigenetic regulation of the D4Z4 repeat array involving modifiers that bind to D4Z4, such as SMCHD1. When levels of SMCHD1 are decreased, DUX4 mRNA is more abundant with a more severe skin phenotype, albeit without showing symptoms or signs involving the muscle [22] .
An inducible iDUX4pA mouse model was created by knocking in a genomic fragment from the terminal D4Z4 repeat of an FSHD 4qA allele under the control of the doxycycline-inducible promoter into the X chromosome of the mouse. This allows for muscle-specific induction of DUX4 expression and the effects of DUX4 in the (male) mice, that are now able to survive past weaning until 4 months. DUX4 induction in these mice causes dystrophic changes as well as impaired regeneration. This could be a good mouse model to test DUX4 protein or mRNA-targeted therapeutic interventions [26] .
The most recent mouse model, FLExDUX4, is a transgenic mouse that can be induced to produce mosaic expression patterns of DUX4 mRNA in a fraction of skeletal myonuclei resulting in a muscle phenotype, similar to the bursts of DUX4 mRNA expression seen in FSHD. This model will be useful for developmental and therapeutic studies, and studying DUX4 downstream pathways [38] .
Symptoms and Signs
Patients with FSHD can present at any age and disease progression is slow. Patients often report problems with activities above their shoulders, difficulty whistling, sleeping with eyes open (reported by spouses or parents), catching their toes due to foot drop, and change in their appearance due to atrophy and muscle weakness with scapular winging and protuberant abdomen. Pain and fatigue are commonly experienced [39] . Neurological examination is characteristic: weakness of the periscapular muscles, specifically weakness of the lower trapezius muscle, results in winging and upward movement of the scapula with rounding of the shoulders and horizontal clavicles. While the deltoid muscle is often relatively spared early on, biceps, triceps, and pectoral muscles are typically affected, resulting in horizontal axillary folds. Asymmetric muscle weakness is more common than in other muscular dystrophies, but becomes less prominent in advanced disease. Abdominal muscle weakness is an early feature in FSHD and can be observed on examination as a protuberant abdomen, in supine position as a positive Beevor's sign (an upward deflection of the umbilicus upon neck flexion due to weakness of the lower rectus abdominis muscle) or inability to do a sit up. Weakness of the paraspinal muscles can result in camptocormia, which in rare instances can be the presenting symptom, or in lumbar lordosis [40, 41] .
Scapular winging in combination with weakness of facial muscles such as the orbicularis oculi and oris, with absent ptosis and spared extraocular muscles, along with a positive Beevor's sign is highly suggestive and nearly pathognomonic of FSHD in the absence of atypical features. However, clinical diagnosis of milder or atypical presentations can be more challenging. Despite advanced disease with severe weakness, contractures do typically not occur. Extraocular and bulbar muscles are usually not affected. Restrictive lung disease has been reported in about 10% of patients [42] , with 1 to 8% requiring ventilatory support [43] . A recent study reported a higher prevalence of sleep-disordered breathing and respiratory involvement with reduced forced vital capacities in 38% of patients and 14% requiring noninvasive ventilation. Further studies are necessary to assess the prevalence of respiratory involvement across different patient cohorts [44] . Generally, patients with severe disease, weak hip flexion or wheelchair use, and kyphoscoliosis are at higher risk for restrictive lung disease, which often times is asymptomatic [45] .
Extramuscular Manifestations
FSHD does not affect the cardiac muscle. Mild, typically asymptomatic conduction abnormalities have been reported including asymptomatic right bundle branch block [46] . Rare complications in patients with large D4Z4 contractions include high-frequency hearing loss and about 0.8% of patients develop an exudative retinopathy (Coats' syndrome) [47] .
Disease Progression
FSHD is a slowly progressive disease. Due to its high clinical variability, the degree of severity and rate of progression vary. Patients with very large contractions typically have earlier onset and more severe disease with faster progression. Earlier age at onset of facial weakness in patients with early onset FSHD (symptoms occurring within the first 10 years of life) has been associated with greater disease severity [48, 49] . Men have been reported as more severely affected than women [19, 50] , although this was not observed in a study assessing patients with early disease onset [48] . On a molecular basis, a gender effect on methylation levels was not seen [15] . A recent study proposed an estrogen receptor as a potential disease modifier by interfering with DUX4 transcriptional activity [51] , but further studies are necessary to investigate gender-specific disease effects.
As a disease affecting shoulder and facial muscles first, the 6-year risk of wheelchair use has been described as 24.0%, with a peak in the second decade associated with large D4Z4 contractions, followed by an age-related increase in risk [5] .
Therapeutic Approaches

Current Available Treatments
There are currently no pharmacological disease-modifying treatments in FSHD. Prior therapeutic trials were either directed at increasing muscle strength or to halt disease progression.
Given the inflammatory changes often seen on muscle biopsy, an anti-inflammatory approach similar to Duchenne muscular dystrophy seemed promising, but a pilot trial of 8 patients treated with 12 weeks of prednisone did not show a benefit on strength or muscle mass [52] . β2-adrenergic agonists, because of their known anabolic effects, have been tested in several randomized controlled trials in FSHD. There have been limited effects such as improvement of grip strength and lean muscle mass but no effect on the primary outcome, a change in global strength by maximum voluntary isometric contraction testing [53] . Other studies showed a positive effect in some but not all tested muscles [54] , no effect with periodic use [55] , and no effect on pain or fatigue [56] . It is of interest, given these prior trials, that recent studies in FSHD cell cultures show that β2-adrenergic agonists suppress the expression of DUX4 mRNA and decrease DUX4 expression [57] . A phase I/II trial tested MYO-029, a neutralizing antibody to myostatin, which is a negative regulator of muscle growth, with a tolerable safety profile, but no effects on muscle strength or function [58] . A drug interacting with myostatin and injected intramuscularly is currently subject of a phase 2 clinical trial (NCT02927080). An open-label pilot trial treating 19 patients with diltiazem for 24 weeks did not result in significant improvement in strength, function, or muscle mass [59] . Oxidative stress has been proposed as a downstream effect of DUX4 [60, 61] . A randomized, double-blind, placebo-controlled pilot trial tested the effects of vitamin C, vitamin E, zinc gluconate, and selenomethionine on physical performance. One of the primary outcome measures, the 2-minute-walk test, did not improve, while maximal voluntary contraction and endurance limit time showed some benefit [62] . A current trial is evaluating safety and efficacy of testosterone and rHGH in FSHD (NCT03123913).
There are several nonpharmaceutical interventions that can be offered to patients with FSHD. A recent review provided an evidence-based guideline summary for evaluation, diagnosis, and management of FSHD [63] . Ankle foot orthoses for patients with ankle dorsiflexor weakness can improve mobility and prevent falls. Patients with knee extension weakness might benefit from an ankle-knee-foot orthosis. Stabilizing the shoulder with braces has limited utility in patients with FSHD as it is often not well tolerated, but can be used for short time periods for certain activities. Surgical scapular fixation can improve elevation of the upper extremities in selected patients with preserved proximal strength and who gain strength by manual fixation of the scapula, carefully assessing risks of loss of mobility and possible surgical complications [64] [65] [66] . Abdominal binders and posture braces can be beneficial in certain individuals with truncal weakness. Given recent reports of higher prevalence of restrictive lung disease, obtaining a baseline FVC is indicated. Continued monitoring of FVC is recommended for patients with abnormal baseline testing or symptoms, moderate to severely affected patients, patients with marked truncal weakness, wheelchair-bound patients, or with kyphoscoliosis. Regular cardiac monitoring is not indicated unless patients experience symptoms. Patients with large deletions should be monitored for hearing loss and retinal vascular disease as they have a higher risk for systemic extramuscular features [5] .
Pain is common in patients with FSHD [39, 56] , mostly thought to be musculoskeletal, although a contributing inflammatory component has been discussed, specifically for periodically occurring pains [56] . Physical therapists can help to elucidate the mechanism of musculoskeletal pain, often times originating from scapular instability or truncal weakness. There are no specific recommendations for medical treatment but generally nonsteroidal anti-inflammatory medications can be useful for acute pain, while antidepressants or antiepileptics for chronic musculoskeletal pain [63] .
One study tested the effect of albuterol and dynamic and isometric exercises of elbow flexors and ankle dorsiflexors with a progressive overload scheme using weights [54] . The exercises were safe and improved dynamic strength. Exercises did not result in increased pain [56] . Another study tested the effects of 12 weeks of low-intense aerobic exercise on a cycle ergometer. Exercise was well tolerated with no evidence of muscle damage (measured as a change of CK levels and muscle histology) and improved maximal oxygen uptake and workload with improved self-reported strength, endurance, and activity level [67] . A multicenter, assessor-blinded, randomized controlled trial showed a positive effect of 16 weeks of aerobic exercise training and cognitive behavioral therapy on severe chronic fatigue in FSHD patients. Both interventions showed sustained increase of physical activity in both groups and improved social participation following cognitive behavioral therapy [68] .
Future Perspectives for Targeted Treatment
The feasibility of therapeutic approaches are guided by accumulating knowledge about the pathomechanism of FSHD. Although FSHD1 and FSHD2 are genetically distinct, they converge on the same downstream disease mechanism of DUX4 expression. Consequently, similar therapeutic approaches can potentially target both forms of FSHD (Fig. 2). 1) Enhance the epigenetic repression of the D4Z4 a) Modulating SMCHD1: In both types of FSHD myotube cultures, 2-to 3-fold overexpression of SMCHD1 resulted in a 70 to 90% reduction in DUX4 mRNA levels [36] . A 1.5-to 3-fold increase in SMCHD1 protein levels led to a significant decrease in DUX4 levels and that of its target genes. This demonstrated that the derepression of DUX4 in FSHD muscle cells is a reversible process that can be rescued by increasing SMCHD1 levels. b) Modulating other DUX4 repressive proteins/pathways:
Regulators of the D4Z4 repeat were characterized by an engineered DNA-binding molecule-mediated chromatin immunoprecipitation (enChIP) method followed by mass spectrometry (MS) proteomics (enChIP-MS). This method allowed for the identification of D4Z4-associated factors including SMCHD1, as well as many of the components of the nucleosome remodeling deacetylase (NuRD) complex and chromatin assembly factor 1 (CAF-1) complex. Components shared by these complexes were found to mediate D4Z4 repeat repression. Promoting the activity of such complexes with the goal of silencing the DUX4 gene could be a potential treatment strategy [34] . Chemical and pharmacon libraries are used in screening tests on patient myotubes to look for molecules that inhibit DUX4 expression, monitored by the levels of DUX4 target genes. These screening tests have identified inhibitors of the bromodomain and extraterminal (BET) family of proteins and agonists of the β2-adrenergic receptor as potentially promising therapeutic candidates [57] . Previous trials testing 
Trial Preparedness
To monitor treatment effects, patient-relevant outcome measures and disease-relevant and sensitive biomarkers are necessary [71, 72] . In FSHD, a spectrum of molecular, imaging, and electrodiagnostic biomarkers are being developed in addition to functional and patient-reported outcome measures. DUX4 and its target genes measured in muscle tissue are currently being evaluated as a biomarker [73] . Exploratory studies have taken first steps in evaluating potential serum biomarkers [74, 75] . MR imaging parameters of the muscle correlate with clinical outcome measures and severity of disease. MRI is useful in identifying affected muscles and assessing the degree of fatty infiltration of the muscle. In addition, STIR sequences (T2-weighted sequences with nulling of the fat signal) detect inflammation of the muscle, potentially reflecting a more active phase of the disease [72, 76, 77] . This correlation between STIR signal and active disease is of particular interest as those muscles might be at greatest risk of degeneration and therefore an ideal target for treatment and monitoring of treatment effects. Longitudinal studies are underway to assess the sensitivity of MRI as a biomarker of disease progression over time. Electrical impedance myography (EIM) uses the resistance to current flow through a particular muscle to assess changes in muscle structure. While this technology has demonstrated reliable measurements and correlation to functional outcomes [78] , it did not demonstrate sensitivity to disease progression over 12 months in a preliminary study with a relatively small number of patients [79] .
A recently developed functional facioscapulohumeral muscular dystrophy composite outcome measure (FSHD-COM) combines several assessments of patient-identified areas of functional burden [80] . The FSHD-COM correlates well with disease severity, duration, and strength. However, the FSHD-COM still needs to be validated in multicenter trials and demonstrate sensitivity to disease change [80] . A patient-reported outcome tool, the FSHD Health Index (FSHD-HI), is currently being evaluated in a prospective study [81] . Overall, there has been marked progress in approaching trial preparedness in FSHD, with the foundation of national and international networks and collaborations, and patient engagement through registries, all of which are vital to successfully study this rare disease.
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